Activity of stearoyl-CoA desaturase (SCD) in the mammary gland is important for determining the relative proportions of saturated and monounsaturated fatty acids in milk and the concentration of the conjugated linoleic acid isomer rumenic acid (RA;. Previous studies identified a large degree of between-cow variation in SCD activity, which was consistent across diets and suggests a genetic influence. The objectives of this study were to quantify genetic and phenotypic variations in fatty acid concentrations and SCD indices in milk fat and to estimate their heritabilities in a population of United Kingdom dairy cows. Milk samples were collected from 2,408 daughters of 597 Holstein-Friesian sires on 325 commercial farms for determination of fatty acid profiles. Indices of SCD activity were calculated by expressing each SCD product (cis-9 14:1, cis-9 16:1, cis-9 18:1, and RA) as a proportion of the precursor plus product [e.g., SCDI 14 = cis-9 14:1/(14:0 + cis-9 14:1)]. For individual fatty acids, phenotypic variance was considerably greater than additive genetic variance, resulting in small and nonsignificant heritability estimates (± standard error) for all except 6:0 (h 2 = 0.27 ± 0.10), 8:0 (h 2 = 0.27 ± 0.09), 12:0 (h 2 = 0.13 ± 0.07), cis-9 14:1 (h 2 = 0.28 ± 0.10), and cis-9 18:1 (h 2 = 0.12 ± 0.07). Heritability estimates of desaturase indices were significant for SCDI 14 (h 2 = 0.38 ± 0.11), SCDI 18 (h 2 = 0.19 ± 0.09), and SCDI RA (h 2 = 0.21 ± 0.09), but not for SCDI 16 (h 2 = 0.05 ± 0.06). This study provides evidence that additive genetic effects are responsible for a significant proportion of the phenotypic variation in SCD activity in dairy cows. It is concluded that because heritability of desaturase indices is moderate and significant in many cases, these indices could be investigated further for use in future breeding programs to increase concentrations of monounsaturated fatty acids and RA while decreasing concentrations of saturated fatty acids in milk fat.
= 0.05 ± 0.06). This study provides evidence that additive genetic effects are responsible for a significant proportion of the phenotypic variation in SCD activity in dairy cows. It is concluded that because heritability of desaturase indices is moderate and significant in many cases, these indices could be investigated further for use in future breeding programs to increase concentrations of monounsaturated fatty acids and RA while decreasing concentrations of saturated fatty acids in milk fat. Key words: milk fatty acid , desaturase enzyme , heritability , dairy cow Milk fat of dairy cows is typically composed of 50 to 70% saturated fatty acids (SFA), 20 to 40% monounsaturated fatty acids (MUFA), and 1 to 5% polyunsaturated fatty acids (PUFA). These percentages are influenced mainly by nutrition , although variation has been reported between and within breeds (Soyeurt et al., 2006) , and genetic variability has been reported in several studies reviewed by Arnould and Soyeurt (2009) . In addition to nutritional influences, the relative proportions of SFA and MUFA are influenced by stearoyl-CoA desaturase (SCD; also referred to as Δ 9 -desaturase; EC 1.14.19.1), which is the enzyme responsible for Δ 9 -desaturation of fatty acids (FA) in the mammary gland and other tissues. This enzyme adds a double bond in the Δ 9 position and converts myristic acid (14:0) to myristoleic acid (cis-9 14:1), palmitic acid (16:0) to palmitoleic acid (cis-9 16:1), stearic acid (18:0) to oleic acid (cis-9 18:1), and vaccenic acid (VA; trans-11 18:1) to the conjugated linoleic acid isomer rumenic acid (RA; . The main biological role of SCD in the mammary gland is to maintain fluidity of milk by conversion of 18:0 to cis-9 18:1 and, to a lesser extent, the other aforementioned SFA into their respective MUFA. The FA 18:0 is the end product of rumen biohydrogenation of dietary FA and is the major FA absorbed by the mammary gland; 16:0 is the final product of de novo FA synthesis in the mammary gland, although approximately 60% of 16:0 in milk is absorbed from circulation . Both 18:0 and 16:0 are solid at body temperature, hence the physiological need to convert a portion of each to cis-9 18:1 and cis-9 16:1 that are liquid. A study of milk fat depression in cows fed on fish oil reported a 56% increased conversion of 18:0 to cis-9 18:1 to maintain milk fat fluidity (Gama et al., 2008) . Studies have found, however, that inhibition of SCD with sterculic oil did not reduce milk fat synthesis (Harvatine et al., 2009) .
Oleic acid is of interest in human nutrition as a component of the Mediterranean diet, with potential to lower blood LDL cholesterol concentration and thereby reduce the risk of coronary heart disease (Mensink et al., 2003) . Conversion of 18:0 to cis-9 18:1 by mammary SCD accounts for approximately 60% of cis-9 18:1 found in milk . Rumenic acid has been suggested to have several human health benefits, including actions against cancer, coronary heart disease, and diabetes Lock et al., 2009) . Conversion of VA to RA in the mammary gland accounts for >80% of RA found in milk (Lock et al., 2009) . Stearoyl-CoA desaturase activity, therefore, plays a vital role in improving the human health value of milk fat by reducing the proportion of SFA and increasing proportions of beneficial FA.
Mammary SCD activity has been studied by using as proxies either the ratios of desaturase products and precursors (e.g., Lock and Garnsworthy, 2002) or products as a percentage of precursors plus products (e.g., Feng et al., 2007) . Of the 4 main pairs of FA precursors and products, the preferred index of SCD activity is the C14 pair because almost all 14:0 in milk fat is synthesized in the mammary gland (Palmquist et al., 1969) , so desaturation is the only source of cis-9 14:1 in milk fat, whereas both precursors and products of the other FA pairs are derived partially, and to varying extents, from the circulatory system. The [cis-9 14:1/ (14:0 + cis-9 14:1)] index correlates positively with relative abundance of SCD mRNA in milk somatic cells, indicating that both produce similar estimates of relative SCD activity in the mammary gland (Feng et al., 2007) . Studies have reported 2-to 3-fold variations in SCD index among individual cows fed on the same diet (Kelsey et al., 2003; Feng et al., 2007) . Furthermore, individual cows maintain their relative ranking for SCD index irrespective of dietary FA manipulations (Peterson et al., 2002; Lock and Garnsworthy, 2003; Lock et al., 2005) , suggesting that SCD activity may have a genetic component. Variation in SCD indices between and within cattle breeds lends support to this suggestion (Kelsey et al., 2003; Soyeurt et al., 2006) . A genetic study within a single herd found no significant estimate of heritability for the concentration of any milk FA except cis-9 16:1 (a product of SCD activity) and 18:0 (a precursor of SCD activity), although SCD indices were not reported (Bobe et al., 2008) . In contrast, in a study of 7 dairy breeds, Soyeurt et al. (2008a) estimated that concentrations of SFA and MUFA in milk fat had heritabilities of 24 and 27%, respectively, and Soyeurt et al. (2008b) estimated that the ratios of both cis-9 14:1/14:0 and cis-9 16:1/16:1 had heritabilities of 20%. This evidence suggests that SCD activity may be of potential use in future breeding programs to improve milk fat composition by decreasing SFA and increasing cis-9 18:1 and RA concentrations. Modification in this way should be beneficial to human health and improve the image of dairy products to the health-conscious consumer. Therefore, the objectives of this study were to estimate genetic and phenotypic variation in milk FA and SCD and to estimate heritabilities of SCD indices and milk FA concentrations in a population of United Kingdom dairy cows.
A database of milk FA profiles was generated from 2,408 Holstein-Friesian cows on 325 commercial farms spread throughout the United Kingdom. Milk samples (30 mL) were collected by field technicians of the National Milk Records (Harrogate, UK) service at routine monthly recording visits (4-6 wk intervals). The 1 sample per cow used for this study was collected at the second monthly recording visit. Samples were treated with preservative (30 mg of potassium dichromate; Lactab MkIII tablet, Thomson and Capper Ltd., Runcorn, UK), delivered to the laboratory within 48 h of collection, and stored at −20°C until analyzed. Milk FA were determined using the rapid lipid extraction, methylation, and gas chromatography methods described by Feng et al. (2004) .
Records of sire, parity, and calving date were obtained retrospectively for each cow from National Milk Records. The database represented 597 paternal half-sib families (sires) varying between 1 and 39 daughters per sire. Mean parity was 1.4 and the distribution was 82% first parity, 10% second parity, and 8% third or greater parity. Mean stage of lactation at time of sampling was 56 DIM (SD = 24). Fifty-four percent of samples were from afternoon milkings and 46% were from morning milkings. Samples were collected over a 2-yr period (2002) (2003) (2004) and the seasonal split of sampling dates was 22% January to March, 47% April to June, 13% July to September, and 18% October to December.
Stearoyl-CoA desaturase indices (SCDI) were calculated for each pair of FA by expressing each product as a proportion of the precursor plus product; that is, SCDI 14 = cis-9 14:1/(14:0 + cis-9 14:1); SCDI 16 = cis-9 16:1/(16:0 + cis-9 16:1); SCDI 18 = cis-9 18:1/(18:0 + cis-9 18:1); and SCDI RA = RA/(VA + RA). For clarity, proportions were multiplied by 100.
Variance components were estimated for each FA concentration and desaturase index by using ASReml (Gilmour et al., 2006) Significance of fixed effects was tested by using Wald F statistics within ASReml, which compute incremental reductions in total sums of squares with addition of each fixed term to the model. The fixed effect of sampling time was not significant, so this factor was excluded from the final model. Significance of the random (sire) effect was tested by using a likelihood ratio statistic, which follows a chi-square distribution and was calculated as twice the change in log-likelihood when the random effect was removed from the model.
Phenotypic means and variations in milk yield and FA (Table 1) were similar to those observed in other studies (Lock and Garnsworthy, 2003; Bobe et al., 2008) . Saturated FA contributed the largest proportion of milk FA (40-74 g/100 g of total FA) but showed the least variation (CV = 10%); PUFA contributed the smallest component (1.5-7.3 g/100 g of total FA) and showed twice as much variation (CV = 23%) as SFA. Monounsaturated FA were intermediate for both proportion (18-49 g/100 g of total FA) and variation (CV = 15%). Trans FA showed considerable variation (range = 1.8-14.7 g/100 g of total FA; CV = 36%), reflecting variation in VA (range = 0.6-10.4 g/100 g of total FA; CV = 51%) and other trans FA, including trans-10 18:1 (range = 0.03-5.8 g/100 g of total FA; CV = 93%). Phenotypic means and variations in SCD indices (Table 1) were similar to those observed by Kelsey et al. (2003) : SCDI 16 had the smallest mean (6.7 g/100 g) but the greatest variation (CV = 28%); SCDI 18 had the largest mean (74.0 g/100 g) and the smallest variation (CV = 5%).
Season had significant (P < 0.001) but small effects on all SCD indices: SCDI 14 was less in April to June (7.95 ± 0.13 g/100 g) than in the other 3 seasons (8.30 ± 0.07 g/100 g); SCDI 16 was greater in July to September (7.90 ± 0.11 g/100 g) than in the other 3 seasons (6.46 ± 0.06 g/100 g); SCDI 18 was lower in October to December (73.7 ± 0.24 g/100 g) than in the other 3 seasons (74.2 ± 0.12 g/100 g); and SCDI RA was higher in October to December (26.1 ± 0.27 g/100 g) than in the other 3 seasons (24.9 ± 0.14 g/100 g). These seasonal effects probably reflect differences in dietary FA profiles during periods of grazing (April-October) and winter feeding (October-April), as observed by Lock and Garnsworthy (2003) on a single farm over a 12-mo period. Parity 1 was associated with smaller (P < 0.001) SCD indices than were later parities (e.g., SCDI 14 = 8.0, 8.6, and 8.7 g/100 g for parities 1, 2, and >2, respectively), but parity did not have a major effect on any index (r 2 = 0.003-0.009). Soyeurt et al. (2008b) also found small but significant effects of age on SCD indices. The only SCD index that changed with stage of lactation was SCDI 14 , which increased with DIM (P = 0.013); however, as observed by Kelsey et al. (2003) and Lock et al. (2005) in single herds, DIM accounted for little of the variation in SCDI 14 (r 2 = 0.012). Furthermore, there was a narrow range for DIM in the current study. There was no difference between samples collected from morning and afternoon milkings for any FA or SCD index. Differences among farms had a significant (P < 0.001) effect on all SCD indices and accounted for between 16 and 24% of variation; for example, individual farm averages for SCDI RA ranged from 19.0 to 43.2 g/100 g.
For individual FA and categories of FA in milk fat, phenotypic variance was considerably greater than additive genetic variance, resulting in small and nonsignificant heritability estimates for all except 6:0, 8:0, 12:0, cis-9 14:1, and cis-9 18:1 (Table 1 ). This result is consistent with Bobe et al. (2008) , who found no significant estimate of heritability for the concentration of any milk FA except cis-9 16:1 (h 2 = 0.49 ± 0.13) and 18:0 (h 2 = 0.24 ± 0.11) when expressed as proportions of total FA. Bobe et al. (2008) did find significant estimates of heritability, however, when they expressed individual FA as concentrations in milk (g/L) or daily yield (g/d); these heritability estimates reflect the moderate heritability (h 2 = 0.25 ± 0.11) of total milk fat concentration found in that study. The results of the current study are consistent with those of Mele et al. (2009) , who estimated heritabilities for Italian Holstein-Friesian cows of 0.03 to 0.08 for individual SFA and 0.14 to 0.19 for cis-9 MUFA. In contrast to the current study and the studies of Bobe et al. (2008) and Mele et al. (2009) , considerably greater heritabilities (range = 0.10-0.72) were reported for individual milk FA concentrations in a study of 1,905 daughters of 101 Dutch Holstein-Friesian sires Stoop et al., 2009) . Similarly, a study of 1,167 Holstein cows in Belgium reported greater heritabilities for milk fat concentrations of SFA (h 2 = 0.24) and MUFA (h 2 = 0.27; Soyeurt et al., 2008a) . Phenotypic variation was low in the Dutch study; for example, the standard deviation for SFA was 2.11 ) compared with 5.69 in the current study, 4.20 in the study of Bobe et al. (2008) , and 6.15 in the study of Soyeurt et al. (2008a) . The relatively low phenotypic variation in the Dutch study might be partly because of inclusion of only first-lactation cows and a short sampling window of 2 mo. Differences in heritability estimates among studies might be related to differences in database structure. The current study was based on similar numbers of cows and herds to that of Stoop et al. (2009) but had 5 times the number of sires, and pedigree records for the dam side were unavailable. The study of Bobe et al. (2008) was based on 233 daughters of 53 sires in a single herd. The study of Soyeurt et al. (2008a) was based on FA analysis of milk from 1,167 cows from 96 herds, but their database was expanded to include >10,000 contemporaries with milk, fat, and protein records. Mele et al. (2009) studied 990 daughters of 54 sires in 34 herds, with a pedigree file of 7,387 individuals.
Magnitude of heritability estimates is determined by the relative genetic and environmental variances in a database. In this regard, studies that include multiple breeds (e.g., Soyeurt et al., 2008a) are likely to contain greater genetic variance. The current study included herds with wide variation in feeding systems, particularly in the proportions of grazed grass or grass silage in the total diet; mean concentration of VA was 3-fold greater and RA was 2-fold greater in the current study than in the Dutch study ) and the Italian study (Mele et al., 2009) Excluding trans monounsaturated FA.
3 SCDI 14 = cis-9 14:1 × 100/(14:0 + cis-9 14:1); SCDI 16 = cis-9 16:1 × 100/(16:0 + cis-9 16:1); SCDI 18 = cis-9 18:1 × 100/(18:0 + cis-9 18:1); SCDI RA = cis-9,trans-11 18:2 × 100/(trans-11 18:1 + cis-9,trans-11 18:2). *P < 0.05; **P < 0.01; ***P < 0.001.
with greater reliance on grass and grass silage in United Kingdom dairy operations and greater reliance on corn silage in Dutch and Italian operations. Heritability estimates for SCDI 14 , SCDI 18 , and SCDI RA were significant (Table 1) . The greater heritability for SCDI 14 than for other SCD indices probably reflects mammary synthesis of cis-9 14:1 from 14:0, whereas products and precursors of the other FA pairs can originate from the diet or mobilization of body fat. In particular, the smaller heritability of SCDI 16 may reflect the large degree of variation in 16:0 and cis-9 16:1 supply from dietary and body fat sources together with variation in the proportion of 16:0 originating from de novo synthesis in the mammary gland. The significant heritability estimates for SCDI 14 , SCDI 18 , and SCDI RA support observations of individual cow variations in SCD activity, which are independent of diet composition (Peterson et al., 2002; Lock and Garnsworthy, 2003; Lock et al., 2005) and are related to SCD mRNA expression (Feng et al., 2007) . The heritability estimate for SCDI 14 (0.38) is similar to estimates reported in Dutch cows (0.45; Stoop et al., 2009), Belgian cows (0.20; Soyeurt et al., 2008b) , and Italian cows (0.27; Mele et al., 2009 ). The heritability estimate for SCDI 18 (0.19) is similar to estimates of 0.27 for Italian cows (Mele et al., 2009) and 0.33 for Dutch cows , but is considerably greater than the estimate of 0.03 for Belgian cows (Soyeurt et al., 2008b) . The heritability estimate for SCDI RA (0.21) is similar to estimates of 0.23 for Dutch cows ) and 0.15 for Italian cows (Mele et al., 2009 ). The heritability estimate for SCDI 16 (0.05), although not significant, is smaller than estimates of 0.12 for Italian cows (Mele et al., 2009) , 0.20 for Belgian cows (Soyeurt et al., 2008b) , and 0.47 for Dutch cows .
The finding that SCD indices generally have larger heritabilities than do concentrations of individual FA in milk fat can be attributed to the fact that SCD indices are calculated from FA pairs. Relative proportions of FA within each pair are determined mainly by SCD activity (i.e., a single enzyme system). The concentration of any individual FA, however, is determined not only by multiple enzyme and transport systems controlling the rates of mammary synthesis or uptake, desaturation, and secretion of that FA but also by the rates of these processes for all other individual FA (because FA concentrations sum to 100 g/100 g). These processes are likely to have genetic components Stoop et al., 2009 ) but, for the majority of individual FA, they are influenced strongly by diet composition and there is a high incidence of correlations among individual FA.
Studies of SNP in the SCD1 gene of Canadian Holstein (Kgwatalala et al., 2009) and Italian Piedmontese and Valdostana (Moioli et al., 2007) cows revealed significant effects on desaturase indices for 10-, 12-, and 14-carbon FA in milk fat, but not on desaturase indices for 16-and 18-carbon FA. A genome-wide scan of cows in the Netherlands identified QTL linked to milk fat concentrations of 6:0, 8:0, and 14:0 FA and to SCD1 ); these QTL explained 3 to 13% of phenotypic variation in individual FA and desaturase indices. The same study found different QTL linked to milk fat concentrations and desaturation of 18-carbon FA , which explained 3 to 10% of phenotypic variation. These studies confirm that different metabolic pathways are involved in synthesis and desaturation of short-and medium-chain FA compared with long-chain FA, which is consistent with differences in heritability estimates found in the current study. These studies suggest that marker-assisted selection could be used in addition to traditional selection strategies within future breeding programs to alter concentrations of specific FA in milk.
In conclusion, this study provides evidence that additive genetic effects are responsible for a significant proportion of the phenotypic variation in SCD activity in dairy cows. The most reliable index of SCD activity (SCDI 14 ) showed a heritability of 0.38, which is comparable to the heritability of milk yield (0.35). Desaturase activity could, therefore, be used in future breeding programs to improve the FA profile of milk fat by increasing MUFA and RA concentrations and decreasing SFA concentrations. sistance with model development; and Tony Flint and Bob Webb (University of Nottingham) for discussions at the project design stage.
